Vascularized osteochondral flaps have been described for use in reconstruction of the wrist, providing the benefits of osteochondral grafts in addition to the benefit of osseous and subchondral perfusion via the microvascular pedicle. Various harvest sites have been described including the medial and lateral femoral trochlea and the proximal third metatarsal. The reconstructed surfaces described include the cartilage surfaces of the scaphoid, lunate, capitate and radius. The ability to transfer analogous osteochondral surfaces poses the possibility for new motion-preserving alternatives for difficult articular problems previously treated with salvage procedures. A description of the procedures and reported outcomes are provided, as well as a discussion of the role of these procedures in the future of wrist surgery.
Introduction
Osteochondral resurfacing of damaged cartilage has long been a field of interest in large joint reconstruction. Harvest of nonvascularized cartilage grafts has been previously reported and widely performed, primarily for treatment of arthritic lesions of the knee joint. Mosaicplasty is a technique that uses multiple smaller diameter grafts (Hangody et al., 2010; Szerb et al., 2005) , whereas the osteochondral autograft technique (osteochondral autograft transfer system (OATS)) uses fewer larger diameter osteochondral plug grafts (Gudas et al., 2005 (Gudas et al., , 2006 Muller et al., 2010) . The cartilage surface of these grafts survives via synovial fluid nutrition and subchondral perfusion (Malinin and Ouellette, 2000) .
Degenerative and posttraumatic osteoarthritic changes in the wrist have been conventionally treated with ablative procedures, such as partial/ complete wrist arthrodesis or implant arthroplasty. With the goals of preserving motion, preserving wrist kinematics and replacing damaged cartilage surfaces, recent investigators have reported restorative procedures using autologous cartilage.
Nonvascularized osteochondral autografting procedures in the wrist have been reported. In hand surgery, the most common osteochondral autografting procedure is the hemi-hamate procedure used for reconstruction of proximal interphalangeal joint fracture dislocations (Burnier et al., 2017; Calfee et al., 2009; McAuliffe, 2009; Williams et al., 2003) . There have been other less widely used applications in the wrist joint. Osteochondral grafts have been used to reconstruct the sigmoid fossa of the distal radioulnar joint (Merrell et al., 2002) , lunate and scaphoid facets of the distal radius (Mehin et al., 2003) , proximal capitate (Dang et al., 2012; Tang and Imbriglia, 2007) and the proximal pole of the scaphoid (Sandow, 1998 (Sandow, , 2001 Veitch et al., 2007) .
Vascularized osteochondral flaps have also been described in reconstruction of the wrist, providing the benefits of osteochondral grafts in addition to the benefit of osseous and subchondral perfusion via the vascular pedicle of the flap. These flaps have been used to reconstruct proximal pole scaphoid nonunions Buerger, 2013, 2014; Kalicke et al., 2008) , posttraumatic distal radial facets (del Piñal et al., 2005) and osteonecrotic segments of the proximal lunate in advanced Kienböck's disease Higgins and Buerger, 2016) . Initial trials indicate promising clinical and radiographic results.
We review the reported use of vascularized osteochondral flaps for wrist reconstruction to date.
Scaphoid nonunion
Free vascularized bone flaps from the medial femoral condyle have been used for the treatment of scaphoid nonunions since first described (Doi et al., 2000; Jones et al., 2009) . This procedure provides a vascularized corticocancellous flap that is used in an intercalary fashion between the scaphoid proximal and distal poles after resection of the fracture nonunion. It has demonstrated success in healing difficult nonunions when the proximal pole is large enough to be preserved.
In proximal pole scaphoid nonunions with extremely small or fragmented proximal segments, the same vascular pedicle has been used to provide a cartilage-bearing osteochondral flap for complete replacement of the scaphoid proximal pole. The transverse branch of the descending geniculate artery courses to the proximal-most convex osteochondral medial femoral trochlea (MFT) (Hugon et al., 2010; Iorio et al., 2012) . This segment of the distal femur joint surface articulates solely with the patella and does not articulate with the tibia regardless of knee position. The contact pressure exerted by the patella on this region is minimal, making it a commonly used harvest site in OATS procedures (Garretson et al., 2004) . The convex osteochondral segment of bone has been shown to have a similar arc of curvature to that of the proximal scaphoid, lunate and capitate (Hugon et al., 2010) . It has been harvested with the associated descending geniculate artery and is referred to as the MFT flap .
For difficult scaphoid proximal pole nonunions where the proximal scaphoid is deemed non-reconstructible, the proximal half of the scaphoid may be resected and replaced with the morphologically analogous MFT osteochondral segment. The osteochondral flap is perfused via anastomosis of the descending geniculate pedicle into the adjacent radial artery and vein (Figure 1) .
The authors have reported on the initial 16 consecutive patients treated with MFT scaphoid reconstruction . The procedure has proven a reliable means of achieving scaphoid healing despite multiple previous failures and difficulties presented by the small size or poor quality of the proximal pole ( Figure 2 ). Patients reported excellent pain relief, grip strength and preservation of preoperative range of motion. The initial report provided a mean follow-up of 14 months (minimum 6 months) with no progression of arthritic changes. This growing cohort of patients is being followed by the authors, with excellent preservation of radiocarpal cartilage surfaces and absence of scapholunate advanced collapse and scapholunate nonunion advanced collapse (SLAC/SNAC) arthritic changes. Longer term follow-up will be reported as the data are acquired.
A common concern with this radical approach has been the preservation of carpal kinematics after resection of the scaphoid proximal pole. In most cases, the distal-most concave cartilage of the proximal scaphoid acetabulum is preserved for articulation with the capitate, along with the distal fibres of the dorsal and volar scapholunate ligament and midcarpal capsule. However, in cases demonstrating extremely fragmented proximal pole segments, the entire proximal pole and scapholunate ligament have been resected. In these cases, patients have shown no evidence of scapholunate collapse or lunate dorsiflexion. The authors investigated this phenomenon and confirmed that the expansion of the scaphoid dimensions when replacing the proximal pole helped maintain neutral lunate posture. This concept of scaphoid 'overstuffing' was demonstrated in a cadaveric biomechanical model (Capito and Higgins, 2013) . The effects of scaphoid 'overstuffing' requires further clinical study. Of particular interest will be the presence or absence of arthritic changes in long-term follow-up.
Another concern with MFT reconstruction has been the donor site morbidity after knee joint arthrotomy, harvest and recovery. The segment of bone and cartilage is harvested from the proximal-most cartilage-bearing portion of the medial trochlea that articulates only with the patella, and is a reported site of OATS harvest. However, the MFT flap harvest is larger in dimensions than most reported OATS grafts and is harvested via an open arthrotomy. No immobilization or restrictions of activity are used post-operatively. The authors have reported on the subjective knee outcome scores and donor site radiographic follow-up of the initial 57 MFT harvest patients (Windhofer et al., 2016) . The results were obtained at a mean follow-up of 27 months, with excellent knee outcome scores and no development of knee arthritis. However, these patients usually report 2 to 3 months of knee discomfort that is awkward, particularly given the limited use of the immobilized wrist after operation. The authors have found that use of post-operative physical therapy for the knee can minimize the patient's period of discomfort and morbidity. We have found that all patients are ultimately are able to return to their pre-injury sport and occupational activities.
While research continues on the clinical, biomechanical and histological implications of MFT scaphoid reconstruction, the authors have also gained experience with other donor sites for carpal reconstruction. Whereas the MFT flap is perfused by the descending geniculate vascular system, an analogous lateral femoral trochlea flap is harvestable supplied by the superolateral geniculate vessels. The authors have examined the vascular tree and its skin, muscle, tendon and periosteal perfusion, and reported on its clinical use for scaphoid nonunion reconstruction (Wong et al., 2015) . This approach provides a shorter pedicle with greater calibre, a more rapid surgical approach and an osteochondral segment that has a morphologically similar contour. Investigations continue on patient outcomes and utility of this flap.
Lunate
The second most common application of vascularized osteochondral flap carpal reconstruction is in the setting of advanced Kienböck's disease. Using the same convex MFT flap, the collapsed and fragmented proximal lunate is resected, preserving the concave distal portion of the lunate articulating with the capitate (Figure 3) . The MFT can be harvested and designed to restore carpal height and reproduce the smooth sweeping contour between the adjacent scaphoid and triquetrum proximal surfaces. Here the fixation is more difficult and often limited to a single Kirschner wire placed between the triquetrum and the MFT segment. We have reported on the first consecutive 16 patients who underwent MFT reconstruction for Kienböck's disease with a minimum follow-up of 1 year (mean 19 months) Higgins and Buerger, 2016) . Healing of the newly constructed lunate occurred in 15 of 16 patients (confirmed by computerized tomography scan), with excellent pain relief, grip strength and preservation of the pre-operative range of motion. Copyright ß2012 The Curtis National Hand Center. Reproduced by kind permission of the Curtis National Hand Center from Buerger HK et al., 2013. This procedure is most clearly indicated in young patients with significant advanced Kienböck's disease with collapse of lunate height. These patients are conventionally classified as having Lichtman Stage 3a or 3b disease (Lichtman and Degnan, 1993) . Using the articular-based classification system of Bain and Begg (2006) , the procedure is generally used in Stage 1 or Stage 2b lunates, in which the capitate and lunate fossa are preserved, but either or both lunate surfaces may be fragmented. In the more problematical 2b lunate, the proximal surface is typically fractured in the coronal plane, with displacement of the separated volar and dorsal horns of the lunate. In these cases, the proximal lunate is resected. The two segments of distal lunate surface are mobilized, reduced and fixed with suture anchor fixation. The concave acetabulum of the distal lunate is thus restored for midcarpal articulation with the capitate. Reconstruction of the remaining lunate is then carried out. The excised proximal lunate is recreated using the MFT flap, with its convex cartilage bearing surface articulating with the lunate fossa of the radius (Figure 4 ).
These patients all had preservation of the distal lunate, distal-most fibres of the scapholunate and lunotriquetral ligaments, and midcarpal capsule. No carpal instability pattern was noted. The authors did not carry out any concomitant procedures (i.e. joint levelling, metaphyseal core decompression, capitate shortening). The results have been very promising and the patients continue to be studied for longer term clinical and radiographic outcomes. 
Capitate
Although much less common, the proximal capitate may have isolated cartilage deficiency when there is avascular necrosis. The surface of the proximal capitate has also been shown to be morphologically similar to the MFT (Hugon et al., 2010) and provides an opportunity for midcarpal restoration and motion preservation for this difficult problem. Although our experience is limited, we have reported on the successful use of the MFT for capitate resurfacing (Figure 5 ).
Radius platform
The articulating concave radius platform is another difficult site for cartilage restoration when there is posttraumatic osteoarthritis after malunion of intraarticular fractures of the distal radius. In an elegant and complex technique, del Piñal et al. (2005) have reported on the use of the concave base of the third metatarsal to resurface the scaphoid or lunate fossae. The osteochondral flap is harvested with source vessels from branches of the dorsalis pedis artery. In some cases, the adjacent metatarsal facet that articulates with the fourth metatarsal base can be used for simultaneous orthogonal reconstruction of the sigmoid fossa of the radius. The report provides an impressive anatomical study of the osteology, vascular network, proposed technique and a clinical case. This technique provides an alternative to conventional wrist salvage operations on the concave side of the radiocarpal joint, with preservation of motion.
The future of osteochondral wrist reconstructive procedures
Although many of these procedures have already shown promising clinical, radiographic and donor site outcomes, obstacles still remain in their widespread adoption. Copyright ß2012 The Curtis National Hand Center. Reproduced by kind permission of the Curtis National Hand Center from Buerger HK et al., 2014. The technical complexities of the operation have decreased as refinements and experience have improved. Although the procedures present technical difficulties involving both bone and microsurgery, increasing refinement in harvesting and insetting has improved efficiency. MFT procedures for the scaphoid and lunate can be done in 4 hours and patients are discharged from the hospital ward the following day. These are still longer operative and hospitalization times than are required for wrist salvage operations, but the benefits of anatomical restoration and motion preservation can be considered in the pre-operative decision-making process. With the use of longer acting local anaesthetics and regional analgesia catheters, the authors have done this procedure in some selected patients in 3.5 hours as an outpatient procedure. This continues to be a focus for improvement.
The future for these techniques requires a better understanding of the benefit of carrying out these reconstructions as vascularized flaps. Cartilage perfusion has conventionally been thought to be provided through imbibition of synovial fluid. Nonvascularized osteochondral grafts have been used successfully for a variety of indications in extremity surgery (such as OATS procedures and hemi-hamate reconstruction of the proximal interphalangeal joint). This raises the question of the importance or necessity of providing microsurgical anastomoses as part of the procedures discussed.
The authors have been conducting research to answer these questions using an animal model (Higgins et al., 2017) . Comparing for differences in morphology and histology in vascularized and nonvascularized osteochondral grafts months after implantation may give us insight into the importance of subchondral vascular perfusion for cartilage survival.
Finally, as our specialty continues to seek solutions for these difficult wrist disorders a comparison between different techniques is needed to provide guidance for both surgeon and patient. This review discusses a number of previous clinical, anatomical and biomechanical studies that have explored the use of osteochondral flaps for wrist reconstruction. Future studies need to include a comparison of both reconstructive and salvage techniques to assess their functional and radiographic outcomes.
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